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1.0 I N T R O D U C T I O N  
T h i s  r e p o r t  summarizes t h e  a n a l y s e s ,  development ,  d e s i g n ,  f a b r i -  
c a t i o n  and f e a s i b i l i t y  t e s t  demons t r a t ion  of  a Nuc leon ic  Lunar 
Ranging and Track ing  System. T h i s  work was accomplished under  
C o n t r a c t  NAS8-20562 f o r  NASA, George C. M a r s h a l l  Space F l i g h t  
C e n t e r ,  H u n t s v i l l e ,  Alabama. The purpose  of  t h e  c o n t r a c t  was t o  
de te rmine  t h e  b e s t  t y p e  o f  n u c l e a r  r a d i a t i o n  a v a i l a b l e  t o  measure 
t h e  a l t i t u d e  and a l t i t u d e  r a t e  of a l u n a r  l a n d i n g  vehicle  a s  i t  
approaches  t h e  l u n a r  s u r f a c e ,  and t h e n  de te rmine  whether  such  a 
d e v i c e  i s  indeed  f e a s i b l e  and whether  i t  h a s  d e f i n i t e  a d v a n t a g e s  
o v e r  e x i s t i n g  t y p e s  o f  a l t i m e t e r s .  
The r e a s o n  f o r  i n v e s t i g a t i n g  t h e  n u c l e o n i c  approach was because  
t h i s  h i g h l y  p e n e t r a t i n g  r a d i a t i o n  i s  n o t  a f f e c t e d  s i g n i f i c a n t l y  
by t h e  i o n i z e d  r o c k e t  e x h a u s t ,  and i t s  c a p a b i l i t y  f o r  h i g h  accu r -  
acy  a t  l o w  a l t i t u d e s .  A l l  o f  t h e  p r a c t i c a l  t y p e s  o f  n u c l e a r  r a -  
d i a t i o n  w e r e  cons ide red  f o r  t h i s  a p p l i c a t i o n .  T h e s e  i n c l u d e d  
n e u t r o n s ,  h i g h  ene rgy  p a r t i c l e s ,  and photon r a d i a t i o n  i n  t h e  form 
o f  x - r ays  and gamma r a y s .  T h e  t y p e s  of r a d i a t i o n  s o u r c e s  w e r e  
b o t h  n a t u r a l ,  coming from i s o t o p e  s o u r c e s ,  and machine g e n e r a t e d ,  
coming from x-ray t u b e s ,  n e u t r o n  guns  o r  p a r t i c l e  guns.  A ca re -  
f u l  t r a d e o f f  s t u d y  determined t h a t  a p u l s e  x-ray t ime-of-f  l i g h t  
measurement t e c h n i q u e  was t h e  optimum. 
e r a t i n g  an  e x t r e m e l y  s h o r t  b u r s t  of x- rays  and measuring t h e  t i m e  
t a k e n  fo r  t h e  x - r ays ,  t r a v e l i n g  a t  t h e  speed o f  l i g h t ,  t o  t r a v e l  
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1.0 INTRODUCTION (Con t inued)  
t h e  d i s t a n c e  eo t h e  l u n a r  s u r f a c e  and r e t u r n  t o  t h e  l a n d i n g  vehi-  
cle. P e n e t r a t i n g  x-ray r a d i a t i o n  a l l o w s  t h e  equipment t o  be lo- 
ca t ed  i n s i d e  t h e  v e h i c l e  s k i n  s i n c e  i t  can e a s i l y  p e n e t r a t e  t h e  
w a l l  o f  t h e  l a n d i n g  v e h i c l e .  Frequency o f  t h e  h i g h  e n e r g y  pho- 
t o n s  i s  s o  h i g h  t h a t  i t  does  n o t  i n t e r a c t  w i th  t h e  m o l e c u l a r  o r  
a tomic  s t r u c t u r e  of t h e  i o n i z e d  g a s e s  b u t  r a t h e r  w i t h  t h e  elec- 
t r o n s  themselves .  T h e r e f o r e ,  no i n c r e a s e d  a b s o r p t i o n  i s  caused 
by t h e  f a c t  t h a t  t h e  g a s e s  a r e  i o n i z e d  a s  i s  t h e  c a s e  w i t h  lower 
f r equency  microwave r a d i a t i o n .  By measur ing  t h e  t i m e  of f l i g h t  
r a t h e r  t h a n  t h e  magnitude o f  r e t u r n i n g  r a d i a t i o n ,  a s  used i n  sev- 
e r a l  t e c h n i q u e s ,  t h e  system i s  independen t  c?f t h e  amount of  g a s  
a b s o r p t i o n  o r  change i n  s e n s i t i v i t y  o f  components i n  e i t h e r  t h e  
s o u r c e  o r  t h e  d e t e c t o r ,  u n i t .  
Three  a r e a s  invo lved  w i t h  t h i s  approach r e q u i r e d  d e s i g n s  push ing  
t h e  s t a t e - o f - t h e - a r t  i n  ruggedized hardware and d e s i g n :  1) t h e  
x-ray u n i t ,  2) t h e  packaging o f  e x t r e m e l y  h i g h  v o l t a g e s  w i t h i n  
v e r y  s m a l l  volume, and 3 )  ex t r eme ly  f a s t  e l e c t r o n i c s  f o r  b o t h  
measurement of ex t r eme ly  s h o r t  p e r i o d s  and also g e n e r a t i n g  o f  ex- 
t r e m e l y  f a s t  p u l s e s .  Much o f  t h e  hardware and d e s i g n s  r e q u i r e d  
f o r  t h i s  advanced concept  w e r e  developed by Genera l  Nuc leon ic s  
p e r s o n n e l  i n  a p r e v i o u s  c l a s s i f i e d  c o n t r a c t  f o r  b a l l i s t i c  r e e n t r y  
v e h i c l e s .  The x-ray t u b e  s e l e c t e d  was developed on t h i s  p r e v i o u s  
. c o n t r a c t ,  ana i s  t h e  ML-645 x-ray t u b e  manufactured by M a c h l e t t  
Labs. It  i s  capab le  of p l a t e  v o l t a g e s  up t o  125 ,000  v o l t s ,  peak 
p l a t e  c u r r e n t s  of 20 amperes ,  p u l s e  w i d t h s  of 15 nanoseconds ,  and 
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3.0 I N T R O D U C T I O N  ( Continued ) 
b e s i d e s  t h s s e  ex t reme c h a r a c t e r i s t i c s ,  t h e  t u b e  i s  rugged ized  t o  
wi ths t and  100 g environment .  T h i s  t u b e  h a s  an  enve lope  o f  o n l y  
5 i n c h e s  long by 2 in.ch.es i n  d i ame te r  and w e i g h s - o n l y  0.8 pounds. 
Dr iv ing  t h e  x-ray t u b e  i s  a g r i d  d r i v e  modula tor .  The g r i d  d r i v e  
modula tor  i s  composed of  a modula tor  o s c i l l a t o r  which i n  t u r n  
d r i v e s  t h e  g r i d  d r i v e  p u l s e r  w i t h  a 400 v o l t  15 nanosecond p u l s e .  
The x-ray t u b e  v o l t a g e  i s  supp l i ed  by a Cockc ro f t  Walton m u l t i -  
p l i e r  t y p e  power supply .  An i n p u t  v o l t a g e  o f  2 8  v o l t s  i s  f i r s t  
r e g u l a t e d  and t h e n  conver ted  t o  an AC s i g n a l  which i s  f e d  t o  t r a n s -  
former and t h e n  m u l t i p l i e d  up  t o  100 ,000  v o l t s  impressed a c r o s s  
t h e  x - r ay  t u b e .  T h e  x- rays  a r e  g e n e r a t e d  o n l y  when a g r i d  d r i v e  
.' p u l s e  i s  a p p l i e d  t o  t h e  g r i d  of t h e  x- ray  t u b e .  
Data p r o c e s s i n g  e l e c t r o n i c s  i s  made o f  a p u l s e  t i m e  t o  a m p l i t u d e  
c o n v e r t e r ,  a s t o r a g e  u n i t  and a b u f f e r  c i r c u i t  which h a s  an  ana- 
l o g  o u t p u t  of 0 t o  5 v o l t s  l i n e a r l y  r e l a t e d  t o  t h e  a l t i t u d e  above 
t h e  l u n a r  s u r f a c e .  S i g n a l  i s  a l s o  f e d  t h rough  a d i f f e r e n t i a t i n g  
c i r c u i t  t o  o b t a i n  t h e  r a t e  o f  d e s c e n t .  T h i s  s i g n a l  i s  a l s o  s e n t  
t h rough  a b u f f e r  c i r c u i t  which r e a d i e s  i t  f o r  d i s p l a y ,  t e l e m e t r y ,  
o r  c o n t r o l  f u n c t i o n s .  The  t i m e  t o  v o l t a g e  c o n v e r t e r  r e f e r e n c e s  
b o t h  t h e  x-ray t u b e  p u l s e  g e n e r a t i o n  t i m e  and t h e  r e t u r n  t i m e  o f  
t h e  x - r ay  p u l s e  t o  t h e  d e t e c t o r .  Log ic  c i r c u i t r y  i s  used such  
t h a t  a l t i t u d e  measurement i n f o r m a t i o n  i s  t r a n s f e r r e d  t o  t h e  s t o r -  
age  o n l y  when p r o p e r  d e t e c t o r  p u l s e  a p p e a r s .  The u s e  o f  i n t e g r a -  
t e d  c i r c u i t s  i n  t h e  d e s i g n  of t h e  e l e c t r o n i c s  h a s  r e s u l t e d  i n  an  
e x t r e m e l y  s m a l l  packaging  c a p a b i l i t y .  
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1’. 0 I N T R O D U C T I O N  ( Continued ) 
The system was developed t o  o p e r a t e  i n  l u n a r  a tmosphere ,  where 
a i r  b a c k s c a t t e r  and a i r  a t t e n u a t i o n  o f  r a d i a t i o n  i s  minimized.  
I n  o r d e r  t o  s i m u l a t e  such  a c o n d i t i o n ,  t h e  system was t e s t e d  i n  
t h e  60 foot  d i a m e t e r  a l t i t u d e  chamber a t  NASA, Langley Research 
Cen te r ,  Hampton, V i r g i n i a .  The a l t i t u d e s  from touchdown t o  f o r -  
t y  f i v e  f ee t  could  be s imula t ed  i n  t h i s  f a c i l i t y .  
A s  a r e s u l t  of t h i s  program, it was determined t h a t  t h e  Nuc leon ic  
Lunar Ranging and Tracking  System h a s  d e f i n i t e  advan tages  o v e r  
t h e  more c o n v e n t i o n a l  microwave o r  r a d a r  a l t i m e t e r s .  Among t h e s e  
advan tages  a r e :  i t  i s  n o t  a f f e c t e d  by r o c k e t  e x h a u s t  and h a s  i n -  
c r eased  a c c u r a c y  e s p e c i a l l y  a t  low a l t i t u d e .  T h i s  i n c r e a s e d  ac-  
curacy  i s  p r i m a r i l y  a r e s u l t  o f  t h e  f a c t  t h a t  t h e  x-rays have no 
m u l t i p l e  bounce,  t h a t  you r e c e i v e  d i r ec t  p a t h  r a d i a t i o n  which re- 
s u l t s  i n  a w e l l  d e f i n e d  p u l s e  shape. The breadboard hardware i s  
packaged i n t o  a volume o f  1 , 6 3 5  c u b i c  i n c h e s  w i t h  a weight  o f  
o n l y  31.6 pounds. Reduct ion i n  s ize  and weight  i s  d e f i n i t e l y  
f e a s i b l e  f o r  f l y a b l e  p r o t o t y p e  u n i t s .  
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2.0 SYSTEMS D E S I G N  APPROACH 
Three approaches  t o  t h e  NLRTS were c o n s i d e r e d :  
1. Low Energy b/-Rays 
2. Pu lsed  I s o t o p e  Approach 
3. Pulsed  X-Ray Tube 
A b r i e f  d e s c r i p t i o n  of t h e  three approaches  i s  g i v e n  a l o n g  w i t h  a 
t r a d e o f f  summary which shows t h e  a d v a n t a g e s  o f  t h e  Pu l sed  X-Ray 
Tube approach  . 
2 . 1  Low Enerqy r -Rays  
Range t o  t h e  l u n a r  s u r f a c e  and v e r t i c a l  v e l o c i t y  can be de te rmined  
by e m i t t i n g  gamma photons  and measuring t h e  amount s c a t t e r e d  from 
t h e  l u n a r  s u r f a c e .  I n  t h i s  case  t h e  d e t e c t o r  must be s h i e l d e d  
from t h e  s o u r c e  s i n c e  t h e  e m i t t e d  i n t e n s i t y  i s  orders -of -magni tude  
l a r g e r  t h a n  t h e  b a c k s c a t t e r e d  flux and no p r a c t i c a l  means of  d i s -  
c r i m i n a t i n g  between t h e  e m i t t e d  and s c a t t e r e d  photons  e x i s t .  A 
low e n e r g y  y emit ter  such a s  Am-241 would be used. A s o u r c e  
s t r e n g t h  of  100 t o  1000 c u r i e s  would be r e q u i r e d .  Low e n e r g y  
s o u r c e  s t r e n g t h s  of t h i s  magnitude .have neve r  been produced and 
would be e x t r e m e l y  expens ive .  
T h e  b a c k s c a t t e r  d - r a y s  would be d e t e c t e d  by a p h o t o m u l t i p l i e r /  
s c i n t i l l a t o r  t y p e  d e t e c t o r  which c o n v e r t s  each  f - r a y  photon t o  
an  e l e c t r i c a l  p u l s e .  The  Data P r o c e s s i n g  Subsystem e l e c t r o n i c s  
would d e t e r m i n e  r ange  by e i t h e r  d i g i t a l l y  coun t ing  t h e  r e t u r n  
r a t e  o r  i n t e g r a t i n g  t h e  count  r a t e  t h e r e b y  producing  a n  a n a l o g  
2.0 Low Enerqy y-Rays (Continued 
l e v e l  p r o p o r t i o n a l  t o  t h e  count  r a t e .  The y - r a y  coun t  r a t e  i s  
a f u n c t i o n  o f  t h e  i n v e r s e  s q u a r e  of t h e  r ange .  
S i n c e  r a n g e  i s  d i r e c t l y  r e l a t e d  t o  count  r a t e ,  any component d r i f t  
c a u s i n g  a change i n  count  r a t e  c r e a t e s  a f a l s e  r a n g e  i n d i c a t i o n .  
T h e r e f o r e ,  au tomat i c -ga in -con t ro l  must be employed i n  t h e  d e t e c t o r  
t o g e t h e r  w i t h  t e m p e r a t u r e  compensation ( o r  an  e n v i r o n m e n t a l  o v e n )  
f o r  t h e  e l e c t r o n i c s .  By u s i n g  a r e l a t i v e l y  long  h a l f - l i f e  r a d i o -  
i s o t o p e  s o u r c e ,  t h e  s o u r c e  emiss ion  can be cons ide red  t o  be con- 
s t a n t .  Also, no s o u r c e  power i s  r e q u i r e d .  
Extreme s a f e t y  and h a n d l i n g  problems would e x i s t  f o r  a s o u r c e  of 
t h i s  s t r e n g t h .  S p e c i a l  e n c a p s u l a t i o n  and p r e c a u k i o n s  a r e  r e q u i r e d  
t o  r e d u c e  t h e  hazard  i n  c a s e  o f  an a c c i d e n t .  
N o  p r a c t i c a l  means f o r  r e j e c t i n g  background n o i s e  e x i s t s .  A l s o ,  
i f  i n  t h e  a c t u a l  f l i g h t ,  l u n a r  d u s t  o r  r o c k e t  e x h a u s t  a t t e n u a t i o n  
was s i g n i f i c a n t  , e r r o n e o u s  r a n g e  i n d i c a t i o n s  would r e s u l t .  
2.2 Pulsed  I s o t o p e  Approach 
The approach  i s  ana logous  t o  t h e  pu l sed  x-ray approach  ( p u l s e d  
t i m e - o f - f l i g h t  approach)  d i s c u s s e d  i n  n e x t  s e c t i o n ,  e x c e p t  t h a t  
t h e  x - r ay  t u b e  i s  r e p l a c e d  w i t h  a b e t a  e m i t t i n g  r a d i o i s o t o p e ,  an  
e l e c t r o n  t a r g e t  and a c o n t r o l  f o r  modu la t ing  t h e  b e t a  f l u x  t r a v -  
e l  from source .  t o  t a r g e t .  
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2.2 Pulsed  I s o t o p e  Approach (Con t inued)  
HuEdreds o f  t housands  of c u r i e s  o f  b e t a  e m i t t i n g  r a d i o i s o t o p e s  
would be r e q u i r e d  t o  o b t a i n  t h e  e q u i v a l e n t  o u t p u t  of t h e  x-ray 
tube .  Without  f u r t h e r  d i s c u s s i o n ,  t h e  h igh  s o u r c e  s t r e n g t h  makes 
t h i s  approach  i m p r a c t i c a l .  
2.3 Pulsed  X-Ray Tube 
T h e  a d v a n t a g e s  of r a d i o i s o t o p e  approach i s  combined w i t h  advan- 
t a g e s  of r a d a r  approach i n  t h e  pu l sed  x-ray t u b e  t e c h n i q u e .  These 
a d v a n t a g e s  a r e  a s  f o l l o w s :  
R a d i a t i o n  s o u r c e  s t r e n g t h  v a r i a t i o n  does  n o t  a f f e c t  t h e  
t i m e - o f - f l i g h t  measurement t echn ique .  
D e t e c t o r  s e n s i t i v i t y  v a r i a t i o n s  d o  n o t  a f f e c t  t h e  sys tem 
f u n c t i o n .  
P u l s e  approach  a l l o w s  h i g h  peak r a d i a t i o n  level r e q u i r e d  
t o  o b t a i n  a l t i t u d e  i n f o r m a t i o n ,  w h i l e  m a i n t a i n i n g  l o w  av- 
e r a g e  r a d i a t i o n .  l e v e l .  
S i n c e  t h e  a l t i t u d e  measurement i s  'made d u r i n g  a r e l a t i v e l y  
s m a l l  p o r t i o n  of t i m e ,  t h e  s y s t e m  h a s  an  i n h e r e n t  n o i s e  re- 
j e c t i o n  b u i l t  i n t o  it. 
S i n c e  t h e  x-ray t u b e  i s  a f a i l  s a f e  d e v i c e ,  e m i t t i n g  r a -  
d i a t i o n  o n l y  when power i s  a p p l i e d ,  t h e  s a f e t y  and h a n d l i n g  
p rob  l e m  i s  minimi zed . 
The low ene rgy  r a d i a t i o n  o u t p u t  of  x-ray t u b e ,  combined 
w i t h  low a v e r a g e  f l u x  l e v e l ,  r . e q u i r e s  minimum amount of  
s h i e l d i n g  t o  p r o t e c t  t h e  o p e r a t i n g  p e r s o n n e l  f r o m  d i r e c t  
r a d i a t i o n  . 
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3.0 SYSTEM D E S I G N  SUMMARY 
The pu l sed  time-of-f l i g h t  measurement concep t  was selected f o r  
u s e  i n  t h e  NLRTS system. T h i s  t e c h n i q u e  i n v o l v e s  e m i s s i o n  o f  
s h o r t  b u r s t s  o f  x- ray  a t  a d e s i r e d  r a t e .  The x- rays  t r a v e l  t o  
t h e  l u n a r  s u r f a c e  and a r e  reflected back t o  t h e  detector  subsys-  
t e m .  The d a t a  p r o c e s s i n g  e l e c t r o n i c s  d e t e r m i n e  t h e  a l t i t u d e  by 
c o n v e r t i n g  t h e  e l a p s e d  t i m e  t o  a r e p r e s e n t a t i v e  a n a l o g  s i g n a l  
and d i s p l a y i n g  t h e  r e s u l t  on a n  i n d i c a t o r  o r  m e t e r .  T h e  system 
b lock  diagram i s  shown i n  F i g u r e  3.0-1. 
T h e  NLRTS performance ( a c c u r a c y )  g o a l s  a r e  summarized below: 
a )  A l t i t u d e  Range: 0 - 500 feet  
b )  A l t i t u d e  Range Accuracy: 
+ 1) 0 - 10 fee t :  - 2% o f  i n d i c a t e d  r e a d i n g  
2 )  10 - 500 fee t :  - .3% o f  i n d i c a t e d  r e a d i n g  + 
c )  V e r t i c a l  V e l o c i t y  Range: 1 - 5 0 0  f t / sec .  
d )  V e r t i c a l  V e l o c i t y  Accuracy: 
+ 1) 1 - 5 f t /sec.:  - 1% o f  i n d i c a t e d  v a l u e  
2 )  5 - 10 f t /sec. :  - 2% of i n d i c a t e d  v a l u e  + 
+ 3 )  10 - 100 f t /sec.:  - 3% o f  i n d i c a t e d  v a l u e  
4 )  100 - 500 f t /sec.:  - 5% o f  i n d i c a t e d  v a l u e  + 
One o b v i o u s  problem e x i s t s  - t h e  a l t i t u d e  e r r o r  f o r  z e r o  r a n g e  
must n o t  exceed 0 t i m e s  - 2% = 0 error .  T h e r e f o r e ,  w e  have  assum- 
e d  a r a n g e  a c c u r a c y  g o a l  f o r  0 - 10 fee t  o f  1 f o o t  which i s  t h e  
p r a c t i c a l  liiiiit o f  a l t i t u d e  r e s o l u t i o n .  Gne a d d i t i o n a l  comment 
i s  i n  o r d e r :  For  a r a n g e  i n d i c a t i o n  o f  z e r o  f ee t ,  t h e  NLRTS w i l l  
be l o c a t e d  s e v e r a l  feet  ( w e  have assumed t e n )  above t h e  s u r f a c e  
+ 
E w 
4J 
-1 
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3.0 SYSTEM DESIGN SUMMARY (Cont inued)  
s i n c e  t h e  l a n d i n g  v e h i c l e  w i l l  p robab ly  have  l e g s  of one t y p e  o r  
a n o t h e r  . 
T h e  e q u a t i o n  gove rn ing  t h e  x-ray p r o p a g a t i o n  i s  g i v e n  below: 
X E *d 
4 w  R 2  
x (1 - cos 8 )  x c ( 0 )  x I K1 K2 - =  + -+- - IO 
Absorp- Loss  due S c a t t e r  I n v e r s e  D e t e c t o r  
t i o n  t o  C o l -  F a c t o r  Squa re  E f f i c i e n c y  
Thru l i m a t i o n  From Loss 
Walls  S u r f a c e  
- I r e p r e s e n t s  t h e  f r a c t i o n  of  X-ray f l u x  d e t e c t e d  compared t o  t h e  
IO 
amount e m i t t e d  (Io). K1 r e p r e s e n t s  t h e  a t t e n u a t i o n  f a c t o r  f o r  
e m i t t e d  X-ray caused by t h e  source  subsystem hous ing  and t h e  v e h i -  
cle s k i n .  K r e p r e s e n t s  t h e  a t t e n u a t i o n  f a c t o r  fo r  r e t u r n  x-ray 2 
caused by  t h e  v e h i c l e  s k i n  and d e t e c t o r  housing.  Next ,  t h e  f a c t o r  
r e p r e s e n t i n g  t h e  loss due t o  X-ray beam c o l l i m a t i o n  i s  g i v e n  a s  a 
f u n c t i o n  of c o l l i m a t i o n  a n g l e  8. C ( 0 )  r e p r e s e n t s  t h e  s c a t t e r i n g  
f a c t o r  from t h e  l u n a r  s u r f a c e  which i s  a f u n c t i o n  of  t h e  s c a t t e r  
a n g l e  0. A r e p r e s e n t s  t h e  d e t e c t o r  a r e a .  The f l u x  d e c r e a s e s  
w i t h  t h e  i n v e r s e  s q u a r e  of a l t i t u d e .  E r e p r e s e n t s  t h e  d e t e c t o r  
d 
e f f i c i e n c y  ( e f f e c t i v e l y  u n i t y  f o r  t h e  detector  u s e d )  . 
The r ema inde r  of t h i s  s e c t i o n  g i v e s  an  a n a l y s i s  o f  t h e  x-ray t u b e  
e m i s s i o n  s p e c t r a ,  t h e  x-ray r e t u r n  versus  a l t i t u d e  and a d i s c u s s i o n  
o f  NLRTS Range and V e l o c i t y  E r r o r s .  
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3 . 1  X - R a y  Tube Emission 
E l e c t r o n s  from t h e  x-ray t u b e  ca thode  s t r i k e  t h e  t u n g s t e n  t a r g e t  
( a n o d e )  r e s u l t i n g  i n  a broad Bremss t rah lung  e m i s s i o n  of x- rays  
such a s  t h a t  shown i n  F i g u r e  3.1-1. 
T h e  ene rgy  conve r s ion  e f f i c i e n c y  ( W >  from 100 k e V  e l e c t r o n s  t o  x- 
r a y s  i s  g i v e n  below: ' . 
W = 1.98 (1.96E + 2 . 0 )  2 
82) 
z 1 + 0.35 loglo ( - 
where  
Z = a t o m i c  number. ( t u n g s t e n  t a r g e t )  = 74 
E = e l e c t r o n  ene rgy  = 0.1  MeV 
t n e r e f o r e ,  . 
W = X-Ray Enerqy = 0.032 
E l e c t r o n  Energy 
The t o t a l  x-ray e n e r g y  ( E x )  produced i s :  
. E = 0 .032  (VI (1) 1 e l e c t r o n  
X 
1.6 x 10 -19 coulombs 
For a n  a r b i t r a r y  x-ray t u b e  c u r r e n t ,  
16 k e V  
ma - second 
Ex = 2.0 x 10 
D i s t r i b u t i n g  t h i s  ene rgy  o v e r  t h e  Bremss t rah lung  spec t rum of F ig-  
, u r e  3.1-1, and c a l c u l a t i n g  t h e  x-ray a b s o r p t i o n  t h r o u g h  t h e  x-ray 
t u b e  w a l l s ,  c o n t a i n e r  w a l l s  and v e h i c l e  skin (assuming a t o t a l  
t h i c k n e s s  e q u i v a l e n t  t o  one-ha l f  c e n t i m e t e r s  o f  aluminum) r e s u l t s  
i n  t h e  x- ray  spec t rum shown i n  F i g u r e  3.1-2. 
- 12 - 
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X-RAY EMISSION SPECTRUM 
3.2 X-Ray P r o p a q a t i o n  and B a c k s c a t t e r  
T h e  x-ray pho tons  e m i t t e d  t r a v e l  a l o n g  a s t r a i g h t  p a t h  a t  t h e  v e l -  
o c i t y  of l i g h t  a s  long a s  no c o l l i s i o n s  o c c u r .  Some s c a t t e r i n g  
w i l l  p robab ly  o c c u r  from l u n a r  d u s t  o r  t h e  r o c k e t  e x h a u s t .  How- 
e v e r ,  t h e  r e s u l t i n g  a t t e n u a t i o n  should  be n e g l i g i b l e  a s  d i s c u s s e d  
i n  t h e  p r o p o s a l .  The x-ray tube  i s  e s s e n t i a l l y  a p o i n t  s o u r c e  of 
r a d i a t i o n .  T h e  p e r c e n t a g e  x-rays t h r o u g h  a c o l l i m a t o r  a n g l e  20 
(and h i t t i n g  t h e  l u n a r  s u r f a c e )  i s  1 / 2  (1 - cos  0) 100%. O f  t h e  
x-ray photons  s t r i k i n g  an  a r e a  A = ?f R 2  t a n 2  8 of l u n a r  s u r f a c e ,  
v i r t u a l l y  a l l  i n t e r a c t  w i t h i n  an  i n c h  o f  t h e  s u r f a c e  i f  t h e  l u n a r  
s u r f a c e  i s  r e l a t i v e l y  compact. A t  t h e  e n e r g i e s  invo lved  o n l y  two 
s i g n i f i c a n t  t y p e s  of i n t e r a c t i o n s  o c c u r :  1) P h o t o e l e c t r i c  Absorp- 
t i o n  and 2) Compton S c a t t e r .  P h o t o e l e c t r i c  a b s o r p t i o n  i n v o l v e s  
complete  a b s o r p t i o n  o f  the photons by i o n i z i n g  t h e  e l e c t r o n s  of  
t h e  a toms composing t h e  l u n a r  s u r f a c e .  Compton s c a t t e r  i n v o l v e s  
a d e f l e c t i o n  of t h e -  i n c i d e n t  photon w i t h  a co r re spond ing  loss of 
photon ene rgy .  F i g u r e  3.2-1 shows t h e  r e l a t i v e  i n t e n s i t y  and re- 
s u l t a n t  ene rgy  of s c a t t e r e d  photons.  O f  those s c a t t e r i n g  a t  o r  
n e a r  180 d e g r e e s  ( b a c k s c a t t e r e d )  some w i l l  h i t  t h e  d e t e c t o r .  T h e  
s c a t t e r i n g  c o e f f i c i e n t  f o r  average  e a r t h  h a s  been e x p e r i m e n t a l l y  
de t e rmined  t o  be 0.04. T h e r e f o r e ,  4% o f  t h e  i n c i d e n t  x-ray pho- 
t o n s  lose e n e r g y  and r a d i a t e  i s o t r o p i c a l l y  ( t h e  a n i s o t r o p y  i s  com- 
p e n s a t e d  f o r  i n  t h e  s c a t t e r i n g  c o e f f i c i e n t ) .  The loss o f  e n e r g y  
i n  t h e  Compton s c a t t e r i n g  p r o c e s s  i s  ref lected i n  t h e  s c a t t e r e d  
r a d i a t i o n  spec t rum shown i n  F i g u r e  3 . 2-2. 
O f  t h e  x- ray  pho tons  s c a t t e r e d  from t h e  l u n a r  s u r f a c e  t h e  number 
i n c i d e n t  upon t h e  d e t e c t o r  i s  p r o p o r t i o n a l  t o  the ,  s o l i d  a n g l e  
, - ” 
100’ 
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40 
10 
G 
I L 
1 
a A  
80 120 160 
ANGLE OF SCATT1ER (DXGREES) 
9 2 x 1 0  - 
9 1 x 1 0  - 
I .  
2 0  
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3.2 X-Ray P r o p a q a t i o n  and B a c k s c a t t e r  (Cont inued 1 
subtended by t h e  d e t e c t o r  a r e a  ( A d ) .  
t h e  number a c t u a l l y  d e t e c t e d  i s  reduced by t h e  f o l l o w i n g  f a c t o r :  
O f  t h o s e  shown i n  F i g u r e  3.2-2, 
*d 
2T  R 2  
E 
where 
E = d e t e c t o r  e f f i c i e n c y  
e7qft = a b s o r p t i o n  c o e f f i c i e n t  o f  s p a c e c r a f t  s k i n  
,)! = s k i n  mass a b s o r p t i o n  c o e f f i c i e n t  
f = s k i n  d e n s i t y  
t = s k i n  t h i c k n e s s  
A s  i n  S e c t i o n  3.1, a s k i n  t h i c k n e s s  e q u i v a l e n t  t o  l / 2  c e n t i m e t e r s  
of  aluminum w i l l  be a'ssumed. The  detector  e f f i c i e n c y  ( E )  i s  ap- 
p r o x i m a t e l y  99% u s i n g  a r e l a t i v e l y  t h i c k  P i l o t  B p l a s t i c  s c i n t i l -  
l a t o r .  F i g u r e  3.2-3 shows t h e  a n t i c i p a t e d  d e t e c t o r  spectrum. T h e  
a v e r a g e  r a t e  o f  x-ray r e t u r n  i s  g i v e n  v e r s u s  r a n g e  i n  F i g u r e  3.2-4. 
3.3 P u l s e  C y c l e  
The s i m p l e s t  pu-sed approach i s  t o  u s e  a maximum p u l s e  amp . , - tude 
(peak  c u r r e n t )  and t r y  t o  r e c e i v e  a r ange  measurement f o r  e v e r y  
'' p u l s e  Gransmi t t ed .  However, f i r s t  t h e  power s u p p l y  o u t p u t  c a p a c i -  
t a n c e  c a n n o t  s t o r e  enough energy  t o  supp ly  these g i a n t  c u r r e n t  
p u l s e s .  Second,  t h e  p r a c t i c a l  x-ray t u b e s  a v a i l a b l e  ( M a c h l e t t  
Cabs. ML-645 and Dunlee Corp. 2-170) cannot  d e l i v e r  t h e  r e q u i r e d  
peak c u r r e n t s .  T h i r d ,  i n  order  t o  maximize t u b e  l i f e  and r e l i a -  
b i l i t y ,  t h e  x-ray peak c u r r e n t  should be minimized. X-ray t u b e  
- 18 - 
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3.3 P u l s e  c\ 
l i f e  i s  
c le  (Cont in  - e d )  
s t r o n g l y  r e l a t e d  t o  x-ray t u b e  peak c u r r e n t .  Lower peak 
c u r r e n t  does  n o t  l i m i t  t h e  r ange  c a p a b i l i t y  if m u l t i p l e  p u l s e  and 
d a t a  s t o r a g e  t e c h n i q u e s  a r e  employed. Without  t h e  u s e  of e l a b o r -  
a t e  c o o l i n g  o f  t h e  x-ray t u b e  anode, f o r  t h e  breadboard  u n i t ,  t h e  
x-ray t u b e  anode d i s s i p a t i o n  power should  n o t  exceed 100 w a t t s .  
The p u l s e  c y c l e  r e l a t i o n s h i p  i s  g iven  a s  f o l l o w s :  
100 w a t t s  = 100 kv x 10 amp x Prr x t 
P 
where 
= p u l s e  r e p e t i t i o n  r a t e  rr P 
and 
t '  = p u l s e  wid th  
P 
T h e  p r o d u c t  o f  Prr  and t 
n o t  exceed 0,0001. For p u l s e  w i d t h  of 10 nanoseconds ,  t h e  maximum 
p u l s e  r e p e t i t i o n  r a t e  i s  10 kHz. 
(commonly c a l l e d  t h e  d u t y  c y c l e )  shou ld  
P 
A f o u r  i n c h  d i a m e t e r  p l a s t i c  s c i n t i l l a t o r  i s  used.  T h i s  p r o v i d e s  
a de tec tor  a r e a  of Ad = 
es of  10 amp and 1 0  nanosecond d u r a t i o n ,  t h e  number of  x-ray pho- 
t o n s  d e t e c t e d  p e r  e m i t t e d  p u l s e  i s  g i v e n  i n  F i g u r e  3.3-1, 
2 (1/312 = 0.090 f t  . For x-ray t u b e  p u l s -  _I 
4 
, For  a l t i t u d e  less t h a n  100 f e e t ,  s u f f i c i e n t  number o f  photons  a r e  
detected f o r  e v e r y  p u l s e  e m i t t e d .  Beyond 300 f ee t ,  number of  pho- 
tons r e c e i v e d  p e r  p u l s e  becomes q u i t e  low, and i n d i v i d u a l  pho tons  
a r e  b e i n g  detected.  S i n c e  t h e  d a t a  p r o c e s s i n g  e l e c t r o n i c s  can be 
t r i g g e r e d  by one photon p u l s e ,  t h e  r a n g e  measurement can be made 
I 
I 
I 
I 
I 
I 
i 
I 
I 
I 
1 
I 
1 
I 
I 
I 
i 
i03 
lo2 
5 
0 
U 
lo1 
10 O 
- 2 1  - 
w 
E 
W a 10-1 
F I G U R E  3.3-1 
1 I I 1 
100 2 0 0  3b10 400 500  
ALTITUDE ( F E E T  ) 
AVERAGE NUMBER O F  X-RAY PHOTON 
DETECTED P E R  EMITTED P U L S E  AS 
FUNCTION OF RANGE 
- % .. -<--.-I, .L J ..-G * - ~- ' -  
- 2 2  - 
P u l s e  Cycle  (Con t inued)  
up t o  500 feet  by a v e r a g i n g  t h e  measurements o v e r  a p e r i o d  o f  t i m e .  
The a c t u a l  t i m e  c o n s t a n t  used depends upon t h e  a n t i c i p a t e d  l a n d i n g  
p r o f i l e  s i n c e  t h e  longe r  t h e  ave rag ing  t i m e ,  t h e  l a r g e r  t h e  l a g  
e r r o r .  For  low a l t i t u d e  measurement, each  p u l s e  e m i t t e d  r e s u l t s  
i n  a r a n g e  measurement,  t h u s  r e q u i r i n g  s h o r t e r  t i m e  c o n s t a n t  i n  
r ange  measur ing  c i r c u i t .  However, f o r  lower v e l o c i t y ,  a t  lower  
a l t i t u d e ,  l a g  e r r o r  d e c r e a s e s  p r o p o r t i o n a l l y .  A t i m e  c o n s t a n t  of 
0.5 seconds  was selected. 
Ranqj-ng E r r o r  Ana lysis 
T h e  p u l s e  c y c l e  and expec ted  x-ray r e t u r n  h a s  been d i s c u s s e d .  
s o u r c e s  of sys tem e r r o r s  and t h e i r  e f fec ts  w i l l  be ana lyzed .  These 
e r r o r s  i n c l u d e :  
The  
1) R a d i a t i o n  Noise E f f e c t s  
2 )  Lag ( V e l o c i t y )  E r r o r s  
3 )  V e h i c l e  A t t i t u d e  E f f e c t s  
4 )  V a r i a b l e  S i g n a l  Amplitude 
5 )  Timing and E l e c t r o n i c  E r r o r s  
6 1 Pho tomu. l t i p l i e r  Tube Dark C u r r e n t  Noise  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I : 
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-3.4.1 R a d i a t i o n  Noise E f f e c t s  
Accura t e  d a t a  p r e d i c t i n g  t h e  r a d i a t i o n  background i n  t h e  l u n a r  
a r e a  i n c l u d i n g  p a r t i c l e  t y p e  and ene rgy  i s  o b v i o u s l y  n o t  a v a i l -  
a b l e .  R a d i a t i o n  n o i s e  may cause e r r o r  i f  i t  c a u s e s  a s c i n t i l -  
l a t i o n  i n  t h e  d e t e c t o r  w i t h i n  a p e r i o d  o f  l o m 6  seconds  a f t e r  
p u l s e  i n i t i a t i o n  ( r e p r e s e n t s  a r a n g e  o f  500 f e e t ) .  
For sys tem o p e r a t i n g  f r equency  of 10 kHz, t h e  p r o b a b i l i t y  of 
a g i v e n  n o i s e  p u l s e  caus ing  an e r r o n e o u s  s i g n a l  d u r i n g  t h e  
t i m e  i s  x 10 = -01. 4 
The effect  of n o i s e  p u l s e  i s  t o  cause  an  e x t r a  t r i g g e r i n g  of  
t h e  r a n g e  c i r c u i t  f l i p - f l o p .  T h i s  r e s u l t s  i n  e i t h e r  p rema tu re  
r e s e t t i n g  of r a n g e  c i r c u i t  o r  s e t t i n g  o f  r a n g e  c i r c u i t  f l i p -  
f l o p  a f t e r  t h e  r ange  i n f o r m a t i o n  has  been  r e c e i v e d .  T h e  f i r s t  
c a s e  o c c u r s  o n l y  i f  ' n o  r a n g e  i n f o r m a t i o n  i s  r e c e i v e d ,  wh ich  can  
o c c u r  a t  r a n g e  g r e a t e r  t h a n  400 feet .  T h i s  t y p e  of e r ro r  i s  
ave raged  w i t h  r ange  i n f o r m a t i o n  i n  t h e  s t o r a g e  c i r c u i t .  T h e  
second t y p e  of  error i s  r e j e c t e d  i n  t h e  d a t a  p r o c e s s i n g  cir- 
c u i t ,  a s  descr ibed  i n  paragraph  6.1. T h e r e f o r e ,  o n l y  t h e  e r r o r  
o f  t h e  f i r s t  t y p e  w i l l  be ana lyzed .  The p r o b a b i l i t y  of any 
n o i s e  p u l s e  c a u s i n g  r a n g e  measurement e r r o r  i s  0.5. 
-6 The error cgiused by t h e  n o i s e  h a s  a maximum t i m e  o f  '10. sec- 
onds.  For  n o i s e  count  r a t e  o f  1000 p e r  s econd ,  t h e  p r o b a b l e  
number of  error p u l s e s  i s  1000 x -01 x .6 = 6 p e r  second,  w h i c h  
can  c a u s e  t o t a l  d i s t a n c e  e r r o r  of 0.15%, when it is averaged  
w i t h  4 x lo3 p e r  second s i g n a l  p u l s e s .  
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3.4.1 R a d i a t i o n  Noise E f f e c t s  (Con t inued)  
Data s u p p l i e d  by NASA Qoddard t o  North American A v i a t i o n  f o r  
t h e  Apol lo  Program i s  summarized below. F i v e  t y p e s  o f  r a d i a -  
t i o n  n o i s e  may be encoun te red  d u r i n g  a t r i p  t o  t h e  l u n a r  s u r -  
face. 
a >  R e s i d u a l  R a d i o a c t i v i t y  - The i n t e n s i t y  i s  t o o  l o w  t o  have 
a n  a p p r e c i a b l e  effect  
b )  Cosmic Rays - The i n t e n s i t y  i s  t o o  low t o  have an  appre-  
c i a b l e  effect  
c >  Van A l l e n  B e l t  R a d i a t i o n  - N o  e f f e c t  a t  t h e  s u r f a c e  o f  t h e  
moon.. 
d )  S o l a r  Winds - The p a r t i c l e  e n e r g y , , d u r i n g  a n  a c t i v e  sun ,  
i s  t o o  low t o  have a n  e f fec t .  The s p a c e c r a f t  w a l l  w i l l  
a b s o r b  v i r t u a l l y  a l l  o f  them. 
e >  S o l a r  F l a r e s  
11 S o l a r  X-Rays - A c l a s s  3 f l a r e  which may o c c u r  once 
p e r  week f o r  15 m i n u t e s ,  may have a n  i n t e n s i t y  of  
5 x lo5 photons/cm2 second. The s p e c t r a l  d e n s i t y  
f a l l s  o f f  r a p i d l y  below 100 keV and t h e r e f o r e  t h e  
e r r o r  sou rce  i s  h e a v i l y  dependent  upon t h e  NLRTS 
spec t rum.and t h e  amount of  d i s c r i m i n a t i o n .  The 
e f fec ts  o f  t h i s  t y p e  of  r a d i a t i o n  should  be updated  
a s  more i n f o r m a t i o n  becomes a v a i l a b l e .  
2 )  S o l a r  P ro ton  Events  - It a p p e a r s  t h a t  t h e  h igh  ene r -  
gy p r o t o n s  f o r  a C las s  I f l a r e  may have an  appre-  
c i a b l e  e f fec t  f o r  r a n g e s  g r e a t e r  t h a n  100 f ee t .  
F u r t h e r  s t u d y  i s  r e q u i r e d  r e g a r d i n g  t h e  e f f i c i e n c y  
of t h e  d e t e c t o r  t o  t h e s e  h igh  ene rgy  p r o t o n s .  The 
u s e  o f  a window d i s c r i m i n a t o r  should  cause  r e j e c t i o n  
of t h e  h igh  ene rgy  p a r t i c l e s .  
A s  m o r e  a c c u r a t e  d a t a  r e g a r d i n g  t h e  i n t e n s i t y  and i n t e g r a t e d  
s p e c t r a  of s o l a r  f l a r e s  becomes a v a i l a b l e ,  f u r t h e r  a n a l y s i s  
shou ld  be performed i n  t h i s  a r e a  t o  d e t e r m i n e  t h e  q u a n t i t a t i v e  
e f f e c t s  of s o l a r  f l a r e  r a d i a t i o n  on NLRTS performance a t  long  
r a n g e .  
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43.4.2 Laq ( V e l o c i t y )  E r r o r s  
A r ange  e r r o r  r e s u l t s  from t h e  d e l a y  i n  measurement and t h e  
co r re spond ing  change i n  a l t i t u d e  d u r i n g  t h a t  p e r i o d .  A t  t h e  
t i m e  o f  d i s p l a y ,  t h e  r a n g e  r e a d i n g  was accumulated o v e r  a 
p e r i o d  ( T I .  The a c t u a l  r ange  R ,  and t h e  i n d i c a t e d  r a n g e  R '  
d i f f e r  a s  f o l l o w s :  
R ' - R  = VT - A 
where v i s  t h e  v e r t i c a l  
q u e s ,  t h e  r a n g e  i n d i c a t  
AR = - vT making t h e  l a g  
2 
T2 -
2 
v e l o c i t y .  Using c o r r e c t i o n  t e c h n i -  
on would be d e c r e a s e d  by a n  amount 
e r r o r  n e g l i g i b l e  r e g a r d  less of t h e  
v e r t i c a l  v e l o c i t y  i f  t h e  knowledge o r  measurement of v e l o c i t y  
i s  s u f f i c i e n t l y  a c c u r a t e .  
3.4.3 V a r i a b l e  S i q n a l  Amplitude 
The p u l s e s  t i m e - o f - f l i g h t  approach i s  independen t  of a 
o n a b l e  change i n  a t t e n u a t i o n  and s o u r c e ,  de tec tor  and 
r e a s -  
l e  c- 
t r o n i c s  v a r i a t i o n .  T h e s e  changes i n c l u d e  any effects caused 
by l u n a r  d u s t  and r o c k e t  exhaus t .  
3.4.4 Timinq and E l e c t r o n i c s  E r r o r s  
V a r i a t i o n  o f  t h e  measurement o f  t i m e  i s  - - e g l i g i b l e .  
c o n c e i v a b l e  e r r o r  would r e s u l t  f r o m  cha rg ing  c a p a c i t o r  and re- 
s i s t o r  d r i f t  w i t h  t e m p e r a t u r e ,  t h e  a b i l i t y  of t h e  B i l a t e r a l  
Ga te  and S t o r a g e  c i r c u i t s  t o  t r a n s f e r  and s t o r a g e  d a t a ,  and 
d i f f e r e n t i a l  DC a m p l i f i e r  s t a g e s  t o  d r i v e  t h e  o u t p u t .  
The o n l y  
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-3.4.5 P h o t o m u l t i p l i e r  Tube Dark Cur ren t  Noise 
A s  w i t h  R a d i a t i o n  Noise Ef fec t s ,  t h e  s p o r a t i c  e m i s s i o n s  f r o m  
t h e  p h o t o m u l t i p l i e r  t u b e  photoca thode  can cause  e r r o n e o u s  
r a n g e  i n d i c a t i o n s  i f  t h e y  occur  d u r i n g  t h e  measurement i n t e r -  
v a l .  T h e s e  n o i s e  p u l s e s  add wi th  t h e  cosmic n o i s e  p u l s e s  d i s -  
cussed i n  S e c t i o n  3.4.1. F o r  t h e  56AVP-3 p h o t o m u l t i p l i e r  t u b e ,  
da rk  c u r r e n t  n o i s e  p l u s  cosmic n o i s e  coun t  r a t e s  o f  2 0 0  c o u n t s  
p e r  second a r e  r e a s o n a b l e .  
3.5 V e r t i c a l  V e l o c i t y  E r r o r  A n a l y s i s  
T h e  r e s p o n s e  t i m e  f o r  v e l o c i t y  !t 1 should  b e  t e n  t i m e s  t h e  
measurement i n t e r v a l  f o r  Range ( 5  s e c o n d s )  . V e r t i c a l  V e l o c i t y  
i s  measured by d i f f e r e n t i a t i n g  t h e  r a n g e  measurements.  Bas ic -  
a l l y ,  t h e  s l o p e  o r  t h e  d i f f e r e n c e  i n  range  measurements i n  a 
p e r i o d  tv i s  a measure o f  v e r t i c a l  v e l o c i t y .  
f i l e  assumed i s  a c o n s t a n t  d e c e l e r a t i o n  p r o f i l e  s t a r t i n g  a t  
500 feet  p e r  second a t  5000 f o o t  a l t i t u d e .  T h i s  r e p r e s e n t s  
a p p r o x i m a t e l y  a 1 g l a n d i n g  p r o f i l e .  The v e r t i c a l  v e l o c i t y  
error  a s s o c i a t e d  w i t h  t h i s  t e c h n i q u e  i s  i l l u s t r a t e d  i n  F i g u r e  
3.5-1. The c e n t e r  cu rve  r e p r e s e n t s  t h e  a c t u a l  r a n g e / t i m e  land-  
V 
The l a n d i n g  pro-  
i n g  p r o f i l e .  T h e  upper  and lower c u r v e s  r e p r e s e n t  t h e  l i m i t s  
of t h e  r a n g e  measurement e r r o r .  P l u s  o r  minus ( R '  - R )  r e p r e -  
s e n t s  t h e  Range measurement e r r o r .  nR r e p r e s e n t s  t h e  change 
i n  r a n g e  o v e r  a v e l d c i t y  measurement t i m e  i n t e r v a l  tv. I l l u s -  
t r a t e d  on t h e  l e f t  i s  t h e  minimum and maximum s l o p e  r e a l i z e d  
over a t i m e  t and a r a n g e  e r r o r  R t  - R. The s lopes 
V 
I-- 
* .  
1 1' 
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I MAXIMUM S L O P E  (c MAX) /- 
RANGE ERROR 
MINIMUM S L O P E  ( u " M I N )  
U P P E R  L I M I T  TO AVERAGE 
AVERAGE RANGE MEASUREMENT 
LOWER LIMIT TO 
AVERAGED RANGE ERROR 
T I M E  
F I G U R E  3.5-1 
I L L U S T R A T I O N  SHOWING L I M I T S  TO V E L O C I T Y  ERROR 
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3 . 5  V e r t i c a l  V e l o c i t y  E r r o r  A n a l y s i s  (Con t inued)  
and ~ - 2 ~  a r e  overemphasized f o r  i l l u s t r a t i o n .  The a c c u r a c y  o f  
v e r t i c a l  v e l o c i t y  measurement can be de te rmined  by assuming t h a t  
t h e  l a n d i n g  c r a f t  i s  m o t i o n l e s s .  A t  500 fee t  (510 fee t  from t h e  
s u r f a c e ) ,  V e r t i c a l  V e l o c i t y  e r r o r  (Vmax)  could  be a s  l a r g e  a s  
5.3 f ee t  p e r  second. Over a measurement t i m e  p e r i o d  of  5 seconds  
0 
t h i s  r e p r e s e n t s  a v e l o c i t y  error o f  a p p r o x i m a t e l y  1.06 f ee t  p e r  
second. A t  300 fee t ,  t h e  V e r t i c a l  V e l o c i t y  measurement. e r r o r  
could be - 6 4  fee t  p e r  second. A t  100 fee t  (110 feet  above t h e  
s u r f a c e )  t h e  root-sum-square e r r o r  would be 0.26 feet  p e r  second. 
A t  touchdown (10 fee t )  t h e  r m s  e r r o r  would be 0.12 feet  p e r  sec- 
ond . 
V e r t i c a l  v e l o c i t y  c a l c u l a t i o n  ( l i k e  t h e  r a n g e  c a l c u l a t i o n )  i s  
based upon a n  assumed v e r t i c a l  v e l o c i t y  l a n d i n g  p r o f i l e .  The 
p r o f i l e  assumed i s  r a t h e r  s t e e p  and t h e  a c t u a l  would p r o b a b l y  
be much slower. T h e r e f o r e ,  a s  w i t h  t h e  r a n g e  c a l c u l a t i o n s ,  t h e  
a c t u a l  e r r o r  w i l l  p robab ly  be lower t h a n  t h o s e  shown here. These  
c a l c u l a t i o n s  shou ld  be r e v i s e d  upon a n  a n t i c i p a t e d  l a n d i n g  pro- 
f i l e .  
I .  
4.0 SOURCE SUBSYSTEM D E S I G N  
The Source Subsystem p r o v i d e s  t h e  x-ray p u l s e s .  The  x-ray p u l s -  
es a r e  e m i t t e d  a t  a f r equency  de termined  by t h e  d a t a  p r o c e s s i n g  
e l e c t r o n i c s .  The subsystem c o n s i s t s  of  a t r i o d e  t y p e  x- ray  
t u b e ,  powered by a h i g h  v o l t a g e  power s u p p l y  and a p u l s e  modu- 
l a t o r  t o  d r i v e  t h e  x-ray tube .  T h e  s o u r c e  s c h e m a t i c  i s  shown 
i n  F i g u r e  4.0-1. 
4 .1  X-Ray Tube 
I 
I T h e  h e a r t  of t h e  Source  Subsystem i s  t h e  x-ray t u b e  which pro-  
d u c e s  t h e  r e q u i r e d  r a d i a t i o n  by a Bremss t rah lung  p r o c e s s .  T h i s  
p r o c e s s  i n v o l v e s  e m i s s i o n  of x-rays when e l e c t r o n s  a r e  deceler- 
a t e d  by c o l l i s i o n  w i t h  a h igh  a t o m i c  number m a t e r i a l  of t h e  
anode. I n  o r d e r  t o  o b t a i n  t h e  s h o r t  d u r a t i o n  x-ray p u l s e s ,  a 
I 
t r i o d e  x-ray t u b e  i s  used ,  a l lowing  h igh  speed c o n t r o l  of t h e  
e l e c t r o n  beam . 
I 
, The 'ML-645 t u b e ,  manufactured by M a c h l e t t  Labs. ,  was selected 
I 
f o r  u s e  i n  t h e  s o u r c e  because  of i t s  h i g h  peak x-ray emis s ion .  
I n  a d d i t i o n ,  t h i s  t u b e  was s p e c i f i c a l l y  deve loped  t o  m e e t  sev- 
' ere envi ronment  c o n d i t i o n s  encountered  by space  f l i g h t  equ ip -  
I 
I ment. An o u t l i n e  o f  t h e  tube  i s  shown i n  F i g u r e  4.1-1. The 
I g r i d - c a t h o d e  s t r u c t u r e  of t h e  t u b e  i s  i d e n t i c a l  t o  a s t a n d a r d  i 
microwave p l a n a r  t r i o d e  t u b e ,  t h u s  a s s u r i n g  h i g h  speed p u l s e  
c a p a b i l i t y .  The t u b e  i s  capab le  of p r o v i d i n g  peak p l a t e  cu r -  
r e n t  up t o  20 amperes ,  a t  h igh  f i l a m e n t  v o l t a g e  and reduced  
i 
, 
t f 
t 
I 
I 
i 
.. . _. . 
- _  
- #  
$7 1 
! .  
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OUTLINE OF X-RAY TUBE 
\ 
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* 
' 4.1  X-Ray Tube (Con t inued)  
t u b e  l i f e .  N o m i n a l . o p e r a t i o n  w i l l  p r o v i d e  10 ampere peak cur -  
r e n t .  
T h e  anode on t h e  ML-645 i s  a f l a t  anode and e m i t s  a n  e m i s s i o n  
p a t t e r n  a s  shown i n  F i g u r e  4.1-2. I n  o r d e r  t o  p r o v i d e  a n  e m i s -  
s i o n  p a t t e r n  which  i s  p e r p e n d i c u l a r  t o  t h e  s o u r c e  h o u s i n g ,  t h e  
t u b e  i s  mounted i n t o  t h e  sou rce  hous ing  a t  a n  a n g l e ,  a s  shown 
i n  F i g u r e  4.1-3. 
T h e  o p e r a t i n g  v o l t a g e  of t h e  x- ray  t u b e  i s  l i m i t e d  t o  100 k i l o -  
.7nl t f o r  t h e  p r e s e n t  model. T h e  v o l t a g e  r a t i n g  of t h e  t u b e  
. i s  i o 0  kV' w i t h  p r o b a b l e  o p e r a t i o n  a t  125 kV. O p e r a t i n g  above 
125 kV i s  n o t  cons ide red  p r a c t i c a l  a t  t h i s  s t a g e  of t u b e  de- 
ve  lopment. 
4 .2  Power Supply 
Des ign ,  packaging  and assembly of t h e  h i g h  v o l t a g e  power s u p p l y  
was one  o f  t h e  c r i t i c a l  i t e m s  i n  t h e  program. A s t a t e - o f - t h e -  
a r t  s u p p l y  i s  used t o  minimize we igh t  and volume. The DC s u p p l y  
i s  r e q u i r e d  t o  produce 100 k i l o v o l t  a t  1 m i l l i a m p e r e s  a v e r a g e  
c u r r e n t ,  w i t h  peak p u l s e  c u r r e n t  of 10 amperes. The  DC s u p p l y  
was chosen  over t h e  AC t y p e  because  of i t s  c a p a b i l i t y  t o  pro-  
v i d e  h i g h  p u l s e  c u r r e n t  and c a p a b i l i t y  t o  p r o v i d e  x-ray p u l s e  
a t  h i g h  r e p e t i t i o n  r a t e .  
- 3 3  - 
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FIGURE 4.1-2 
X-RAY BEAM PATTERN 
'\ 
BEAM CiiOSS 
SECTION 
I I 
b MOIlUT,A'i'OiZ . 
100 KV 
POWZR 
SUPPLY 
' !  
-1 
I 
X-RAY 
BEAM 
FIGURE 4.1-3 
SOURCE ASSEMBLY LAYOUT 
- 3 5  - 
" 4.2 Power Supply (Con t inued)  
T h e  power s u p p l y  c o n v e r t s  t h e  2 8 V  DC s h i p  power t o  r e q u i r e d  
h igh  v o l t a g e .  The b lock  diagram of t h e  s u p p l y  i s  shown i n  
F i g u r e  4.2-1. 
4.2.1 O s c i l l a t o r  - Driver 
T h e  s q u a r e  wave o s c i l l a t o r  c o n v e r t s  t h e  DC v o l t a g e  i n t o  AC 
v o l t a g e  a t  f r equency  o f  approx ima te ly  4.2 kHz. The o s c i l l a -  
t o r  i s  a n  ove r -d r iven  push-pul l  t r a n s f o r m e r  coupled t r a n s i s t o r  
o s c i l l a t o r .  T h e  magne t i c  core t r a n s f o r m e r  i s  used a s  t i m i n g  
e l emen t  i n  o r d e r  t o  p rov ide  a symmet r i ca l  s q u a r e  wave under  
a l l  l oad  c o n d i t i o n s .  A r e s i s t o r  - d i o d e  S t a r t i n g  c i r c u i t  en- 
s u r e s  p r o p e r  c i r c u i t  o p e r a t i o n  whenever power i s  a p p l i e d .  The 
o s c i l l a t o r  s t a g e  i s  des igned  s e p a r a t e l y  from t h e  power conver-  
t e r  s t a g e  i n  o r d e r  t o  a l low f r equency  s e l e c t i o n  independen t  of 
h i g h  v o l t a g e  t r a n s f o r m e r  des ign .  
T h e  o u t p u t  of t h e  o s c i l l a t o r  t r a n s f o r m e r  d r i v e s  t h e  power con- 
v e r t e r  s t a g e .  The power s w i t c h i n g  t r a n s i s t o r s  a r e  r e q u i r e d  t o  
h a n d l e  peak c u r r e n t  up t o  20 amperes. 
4.2.2 Trans fo rmer  
The h i g h  v o l t a g e  s tep-up t r a n s f o r m e r  was des igned  and f a b r i c a t -  
ed  by  EDCO Systems I n c . ,  Santa  C l a r a ,  C a l i f o r n i a ,  i n  coopera-  
t i o n  w i t h  G e n e r a l  Nuc leon ic s  p e r s o n n e l .  T h e  problem i n  d e s i g n i n g  
a t r a n s f o r m e r  f o r  t h i s  power s u p p l y  i s  t o  p r o v i d e  a h i g h  t u r n  
I 
28 V DC 
Power 
REGULATOR 
c c I O S C I L L A T O R  1-4 POWER 
L 1 I D R I V E R  I 
c 
S T E P - U P  
TRANSFORMER 
RE CT I F I  ER 
M U L T I P L I E R  
100 K i l ' o V o l t  
F I G U R E  4.2-1 
BLOCK DIAGRAM - HIGH VOLTAGE S U P P L Y  
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4.2.2 Transformer  (Con t inued)  b 
r a t i o  w i t h  minimum i n t e r w i n d i n g  c a p a c i t a n c e  and h i g h  v o l t a g e  
i n s u l a t i o n ,  w h i l e  m a i n t a i n i n g  minimum s i z e  and we igh t .  
T h e  o u t p u t  - i n p u t  r a t i o  r equ i r emen t  of 27500 v o l t  : 24 v o l t  
c o n s t i t u t e s  a 1150:l t u r n s  r a t i o .  Thus,  t h e  d i s t r i b u t e d  i n -  
t e r w i n d i n g  c a p a c i t a n c e  i s  r e f l e c t e d  t o  t h e  p r imary  by a f a c t o r  
o f  1 ,300 ,000  and t h e  i n t e r w i n d i n g  c a p a c i t a n c e  becomes a v e r y  
c r i t i c a l  problem. The c a p a c i t a n c e  i s  minimized by d i v i d i n g  
t h e  secondary  i n t o  s i x  s e c t i o n s  o f  narrow width  l a y e r s .  T h i s  
method of winding a l s o  d e c r e a s e s  i n t e r l a y e r  i n s u l a t i o n  r e q u i r e -  
ments. 
T h e  t r a n s f o r m e r  winding i s  impregnated w i t h  an epoxy compound 
f o r  r i g i d i t y  and a d d i t i o n a  i n s u l a t i o n .  T h e  p r o t o t y p e  t r a n s -  
former  weighs 592 grams (1 lb.  5 o z )  and o c c u p i e s  a s p a c e  o f  
3 i n c h e s  x 3 i n c h e s  x 3.5 inches .  
'4.2.3 M u l t i p l i e r  
The AC o u t p u t  of t h e  h igh  v o l t a g e  t r a n s f o r m e r  i s  m u l t i p l i e d ,  
r ec t i f i ed  and f i l t e r ed  i n t o  a DC v o l t a g e  by t h e  Cockcrof t -  
Walton m u l t i p l i e r  c i r c u i t .  A t r a d e o f f  s t u d y  was performed f o r  
t r a n s f o r m e r  o u t p u t  r equ i r emen t  v e r s u s  m u l t i p l i e r  component 
number and r a t i n g  requi rement .  The p r e s e n t  s t a t e - o f - t h e - a r t  
d i c t a t e d  t h e  optimum c o n f i g u r a t i o n  a s  a t r a n s f o r m e r  w i t h  50 
kV.peak  t o  peak o u t p u t  w i t h  a q u a d r u p l e r .  
- 3 8  - 
h.2.3 M u i t i p l i e r  (Con t inued)  
The  assembly o f  t h e  m u l t i p l i e r  must c o n s i d e r  h i g h  v o l t a g e  i n -  
s u l a t i o n  and corona problems. T h e  i n s u l a t i o n  media f o r  t h e  
* p r o t o t y p e  u n i t  i s  s u l f u r - h e x a f  l u o r i d e  g a s ,  w i t h  d i e l e c t r i c  
s t r e n g t h  of approx ima te ly  200 v o l t s  p e r  m i l .  The m u l t i p l i e r  
assembly  i n c l u d e s  t h e  h i g h  v o l t a g e  t r a n s f o r m e r  and makes maxi- 
mum usage  of t h e  8 i n c h  d i a m e t e r  c y l i n d e r  h o u s i n g ,  a l l o w i n g  
l a r g e  s a f e t y  margin on c r i t i c a l  v o l t a g e  stress p o i n t s .  
4.3 Modula tor  
t i v e  r e g i o n  i n  o r -  
d e r  t o  o b t a i n  t h e  peak anode c u r r e n t  o f  5 t o  10 amperes. T h e  
ML-645 t u b e  r e q u i r e s  a b i a s  of -100 v o l t  f o r  c u t o f f  and 4300 
v o l t  b i a s  d u r i n g  p u l s e .  The g r i d  i n p u t  p r e s e n t s  a n o n l i n e a r  
load  t o  t h e  modu la to r ,  drawing a peak c u r r e n t  of approx ima te ly  
1 ampere a t  + 3 0 0  v o l t  d r ive .  
T h e  p u l s e  modula tor  c i r c u i t  m u s t  have a l o w  o u t p u t  impedance. 
An a v a l a n c h e  t r a n s i s t o r  c i r c u i t  was chosen f o r  i t s  h i g h  cur -  
r e n t  c a p a b i l i t y ,  f a s t  c l e a n  p u l s e  o u t p u t  and r e l a t i v e  h i g h  
e f f i c i e n c y .  T h e  h igh  o u t p u t  i s  d e r i v e d  b y  s t a c k i n g  f o u r  t r a n s -  
i s t o r s  i n  ser ies ,  t o  o b t a i n  a 120 v o l t  p u l s e ,  t h e n  m u l t i p l y i n g  
t h e  p u l s e  i n  a 4 t o  1 step-up t r a n s f o r m e r .  The p u l s e  shape  and 
w i d t h  i s  de te rmined  by t h e  t h e  c o n s t a n t  of t h e  d e l a y  l i n e  i n  
t h e  a v a l a n c h e  c i r c u i t .  
T h e  d e l a y  l i n e  i s  charged t o  a v o l t a g e  which i s  t h e  sum o f  t h e  
breakdown vo ' l t ages  of each  ava lanche  t r a n s i s t o r .  When t h e  
4.3 Modulator (Con t inued)  
f i r s t  t r a n s i s t o r  i s  t r i g g e r e d  by a p u l s e  from t h e  d a t a  p r o c e s s -  
I 
, 
i n g  e l e c t r o n i c s ,  t h e  a v a l a n c h e  a c t i o n  of t h e  f i r s t  t r a n s i s t o r  
t r i g g e r s  a v a l a n c h e  breakdown i n  t h e  o t h e r  t r a n s i s t o r s .  When 
t h e  t r a n s i s t o r s  a v a l a n c h e ,  t h e  ene rgy  s t o r e d  i n  t h e  lumped con- 
s t a n t  d e l a y  l i n e  i s  dumped i n t o  t h e  load.  T h i s  t r a n s f e r  of 
ene rgy  i s  accomplished i n  t w i c e  t h e  d e l a y  t i m e  o f  t h e  l i n e .  
A f t e r  t h e  ene rgy  h a s  been t r a n s f e r r e d ,  t h e  t r a n s i s t o r s  a r e  
t u r n e d  o f f  due t o  lack of s u s t a i n i n g  c u r r e n t .  T h e  c i r c u i t  i s  
t h e n  d i s a b l e d ,  i .e.,  u n a b l e  t o  produce a p u l s e ,  u n t i l  t h e  de-  
l a y  l i n e  h a s  been charged up aga in .  T h i s  dead t i m e  i s  approx-  
-...- i m a t p l y  -- 50 
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5.0 DETECTOR D E S I G N  
The x-ray s i g n a l  must be d e t e c t e d  and conve r t ed  i n t o  an a n a l -  
ogous e l e c t r i c a l  s i g n a l  b e f o r e  t h e  d a t a  p r o c e s s i n g  e l e c t r o n i c s  
c i r c u i t s  can p r o p e r l y  a n a l y z e  t h e  s i g n a l s .  
The x-ray ene rgy  i s  f i r s t  conver ted  t o  a l i g h t  ene rgy  i n  t h e  
s c i n t i l l a t o r .  The l i g h t  energy  i s  t h e n  conve r t ed  i n t o  elec- 
t r i c a l  p u l s e s  by t h e  p h o t o m u l t i p l i e r  t u b e  pho toca thode  and 
a m p l i f i e d  i n  t h e  p h o t o m u l t i p l i e r  t ube .  T h e  o u t p u t  of t h e  de- 
t e c t o r  i s  t r a n s m i t t e d  t o  t h e  d a t a  p r o c e s s i n g  e l e c t r o n i c s  by 
c o a x i a l  c a b l e .  The s c h e m a t i c  i s  shown i n  F i g u r e  5.0-1. 
5 .1  S c i n t i l l a t o r  
T h e  x- ray  e n e r g y  must be d e t e c t e d  w i t h  a v e r y  sho r t  r e s p o n s e  
t i m e  t o  be a b l e  t o  measure t i m e  d i f f e r e n c e s  i n  o rde r  o f  f e w  
nanoseconds.  A p l a s t i c  s c i n t i l l a t o r  was selected t o  m e e t  t h i s  
r e q u i r e m e n t .  
The s c i n t i l l a t o r ,  4 i n c h e s  i n  d i a m e t e r  x 4 i n c h e s  i n  l e n g t h ,  
was selected t o  p r o v i d e  optimum 
e n e r g i e s  invo lved .  
5.2 P h o t o m u l t i p l i e r  Tube 
c o l l e c t i o n  e f f i c i e n c y  a t  t h e  
T h e  l i g h t  o u t p u t  of t h e  s c - n t i  
l i f i e d  w i t h o u t  i n t r o d u c t i o n  of f 
a t o r  niust be d e t e c t e d  and amp- 
3 x c e s s i v e  n o i s e  p u l s e s .  
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5.2 P h o t o m u l t i p l i e r  Tube (Continued 1 
Type 56AVP-3 p h o t o m u l t i p l i e r  t u b e ,  manufactured by Amperex, 
was selected f o r  i t s  h i g h  g a i n  and l o w  n o i s e  c h a r a c t e r i s t i c .  
T h i s  t u b e  a l s o  has  a f a s t  r e sponse  t i m e  r e q u i r e d  f o r  nanosec-  
, 
i 
ond t i m e  r e s o l u t i o n .  
T h e  t w o  i n c h  d i a m e t e r  t u b e  i s  p l aced  i n  a magne t i c  s h i e l d  tub -  
i n g  t o  p r e v e n t  magne t i c  f i e l d  e f fec t  on o p e r a t i o n  o f  t h e  t u b e .  
The f a c e  o f  t h e  t u b e  i s . c o u p l e d  t o  t h e  s c i n t i l l a t o r  w i t h  a I 
l i g h t  coup l ing  compound, Dow Corning 20-057, t o  o b t a i n  o p t i -  
mum c o u p l i n g  of l i g h t .  The p h o t o m u l t i p l i e r  t u b e  i s  mounted i n  
l i g h t  t i g h t  hous ing .  The t u b e  s u r f a c e  t o  s c i n t i l l a t o r  c o n t a c t  
i s  ma in ta ined  by s p r i n g  p r e s s u r e  a t  b a s e  o f  t h e  tube.  T h e  dy- 
node v o l t a g e s  a r e  s u p p l i e d  by t h e  r e s i s to r  d i v i d e r  s t r i n g ,  
mounted i n  t h e  t u b e  socke t .  
__ -- * -  . , - - ....A_ - , ---.4 -dl_- _. * * ,7 - I - 2. ~~ - 8 , '  
1 _ 1 _ - -  - __ ~ _ _ _ _  
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6.0 DATA P R O C E S S I N G  ELECTRONICS 
T h e  i n f o r m a t i o n  d e r i v e d  from t h e  x-ray t r a n s m i s s i o n  must be 
ana lyzed  and p rocessed  t o  o b t a i n  a l t i t u d e  and v e l o c i t y  d a t a .  
T h i s  i s  t h e  main f u n c t i o n  of  t h e  d a t a  p r o c e s s i n g  subsystem. 
I n  a d d i t i o n ,  t h e  subsystem i n c l u d e s  power s u p p l y  r e q u i r e d  f o r  
v a r i o u s  c i r c u i t s ,  s w i t c h e s  f o r  on-off  c o n t r o l  o f  sys tem,  and 
d i s p l a y  meter f o r  r a n g e  and v e l o c i t y  i n f o r m a t i o n .  
6.1 Ranqe C i r c u i t  
T h e  b l o c k  d iagram of t h e  range  and v e l o c i t y  c i r c u i t  i s  shown 
i n  F i g u r e  6.1-1. A d e t a i l  s c h e m a t i c  is cjiven in Appendix A .  
T h e  r a n g e  c i r c u i t  per forms t h e  f u n c t i o n  o f  measuring t h e  t i m e  
between a " z e r o  r ange  r e t u r n f f  from t h e  s k i n  o f  t h e  v e h i c l e  and 
. x-ray  pho ton  r e t u r n  from t h e  l u n a r  s u r f a c e .  T h i s  t i m e  i n t e r -  
v a l , .  which i s  a d i r e c t  measure of a l t i t u d e ,  i s  conve r t ed  i n t o  
a DC v o l t a g e  and d i s p l a y e d  on a m e t e r .  
The sys tem p u l s e  r e p e t i t i o n  r a t e  i s  c o n t r o l l e c  t o  1 0 , 0 0 0  p u l s -  
es p e r  second by a f ree- running  m u l t i v i b r a t o r  c lock .  Each 
c l o c k  p u l s e  i n i t i a t e s  t w o  f u n c t i o n s :  1) t r i g g e r  t h e  x-ray 
t u b e  modu la to r  c i r c u i t ,  and 2 )  t r i g g e r s  a maximum r a n g e  t i m e  
d e l a y  (Tmax)  g a t e  c i r c u i t .  
a l l o w s  de tec tor  s i g n a l  t o  be ana lyzed  o n l y  d u r i n g  t h i s  p e r i o d .  
Any s i g n a l  o c c u r r i n g  o u t s i d e  o f  t h i s  p e r i o d  i s  cons ide red  t o  
b e - n o i s e  p u l s e ,  and i s  prevented  from a f f e c t i n g  t h e  r a n g e  meas- 
u r i n g  c i r c u i t .  
T h i s  g a t e  i s  1 . 3 p s e c  long  and 
t 
P 
I .  
DELAY i 
FOLDOUT 1 4 +/ 
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FIGURE 6 -  1-1 
Upon e m i s s i o n  o f  x-ray p u l s e ,  a s c a t t e r e d  p u l s e  f r o m  vehicle  s k i n  
i s  immedia te ly  d e t e c t e d .  T h i s  p u l s e  i s  a m p l i f i e d  and sets  t h e  
. f l i p - f l o p  which i n  t u r n  s t a r t s  t h e  t i m e  b a s e  c i r c u i t .  T h e  sec- 
ond p u l s e  w i l l  be t h e  r e t u r n  from t h e  l u n a r  s u r f a c e .  T h i s  p u l s e  
resets t h e  f l i p - f l o p  and s t o p s  t h e  t i m e  b a s e  c i r c u i t .  A v o l t a g e  
p r o p o r t i o n a l  t o  r a n g e  now e x i s t s  i n  t h e  t i m e  base  c i r c u i t .  At 
t h e  end of maximum t i m e  d e l a y  g a t e ,  t h e  r a n g e  i n f o r m a t i o n  i s  
t r a n s f e r r e d  t o  t h e  s t o r a g e  c i r c u i t  t h rough  t h e  t r a n s f e r  s w i t c h ,  
p rovided  t h e  t i m e  b a s e  c i r c u i t  h a s  n o t  exceeded t h e  maximum r a n g e  
v o l t a g e .  I f  t h e  maximum range  v o l t a g e  h a s  been  exceeded ,  i t  i s  
assumed t h a t  r e t u r n  p u l s e  from l u n a r  s u r f a c e  wa's n o t  detected,  
and therefore  i n f o r m a t i o n  i n  t ime b a s e  c i r c u i t  i s  n o t  v a l i d .  The 
comparator  c i r c u i t  detects  any i n v a l i d  s i g n a l  and i n h i b i t s  t h e  
t r a n s f e r  p u l s e  t h r o u g h  t h e  AND g a t e .  A reset p u l s e  i s  used t o  
r e t u r n  t h e  f l i p - f l o p  and t i m e  base c i r c u i t  t o  p r o p e r  i n i t i a l  con- 
d i t i o n  p r i o r  t o  s t a r t  o f  n e x t  c lock  p u l s e .  T h e  i n f o r m a t i o n  i n  
t h e  s t o r a g e  c i r c u i t  i s  d i s p l a y e d  on a meter. The r ange  o u t p u t  
i s  s c a l e d  t o  1 v o l t  p e r  100 feet. 
The p u l s e  a m p l i f i e r ,  Q1 - Q 2 ,  c i r c u i t  p r o v i d e s  g a i n  o f  10 f o r  
t h e  i n p u t  s i g n a l .  T h e  g a t e ,  Q3, s h u n t s  t h e  s i g n a l  t o  ground ex- 
c e p t  d u r i n g  t h e  t i m e  i n t e r v a l  c o n t r o l l e d  by t i m e  d e l a y  c i r c u i t  
2 2 .  The t u n n e l  d i o d e s , C R l  and C R 2 ,  and a s s o c i a t e d  c i r c u i t r y  
f o r m  a h i g h  speed f l i p - f l o p  t o  c o n v e r t  t h e  t i m e  i n t e r v a l  t o  a 
p u l s e  w i d t h ,  w i t h  minimum t i m e  of 10 nanoseconds.  T h e  t i m e  b a s e  
c i r c u i t  c o n s i s t s  of c o n s t a n t  c u r r e n t  g e n e r a t o r ,  Q9, and c h a r g e  
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86.1 Ranqe C i rcu i - t  (Cont inued 
c a p a c i t o r ,  (217. T h e  c o n s t a n t  c u r r e n t  i s  a d j u s t e d  t o  g i v e  5 v o l t  
p e r  microsecond charge  r a t e  on c a p a c i t o r .  The o u t p u t  o f  cha rge  
c a p a c i t o r  i s  b u f f e r e d  by h i g h  impedance FET c i r c u i t ,  Q13, i n  o r -  
d e r  t o  minimize e r r o r  due to e x t e r n a l  d i s c h a r g e .  T h e  d a t a  t r a n s -  
f e r  s w i t c h  u s e s  a MOS-FET, Q15, f o r  h igh  impedance i s o l a t i o n  o f  
s t o r a g e  c a p a c i t o r ,  C24. The d u a l  MOS-FET, Q l 6 ,  i s  used a f t e r  
s t o r a g e  c a p a c i t o r  f o r  h i g h  impedance load o f  c a p a c i t o r  and l o w  
d r i f t  d i f f e r e n t i a l  a m p l i f i e r .  The low p a s s  ne twork ,  R 8 3  - C29, 
f i l t e r s  any r a p i d  change o r  r i p p l e  on t h e  r a n g e  i n f o r m a t i o n .  
6.2 
The t i m i n g  of a l l  system s i g n a l s  a r e  i n i t i a t e d  by t h e  m u l t i v i -  
b r a t o r ,  Q4 - Q8, The c lock  p u l s e  i n i t i a t e s  a g a t e  c i r c u i t ,  22 ,  
which a l l o w s  s i g n a l  p r o c e s s i n g  f o r  1 .3  microseconds .  T h i s  i n  
t u r n  i n i t i a t e s  a 15 microsecond g a t e  which c o n t r o l s  t h e  d a t a  
t r a n s f e r  s w i t c h ,  t h rough  AND g a t e ,  420 - Q18, i n  c o n j u n c t i o n  w i t h  - 
compara to r ,  Z 1 .  The comparator  a n a l y z e s  t h e  t i m e  b a s e  c i r c u i t  
o u t p u t  and i f  i t  exceeds 5 v o l t s ,  i n h i b i t s  t h e  AND g a t e .  Be-  
tween c l o c k  p u l s e s ,  t h e  reset  c i r c u i t ,  Q7 - Q10, resets t h e  
f l i p - f l o p  and cha rge  c a p a c i t o r  , t o  t h e i r  r e s p e c t i v e  i n i t i a l  
s t a r t i n g  c o n d i t i o n s .  
Ranqe Ra te  C i r c u i t  
The Tvrelocity i n f o r m a t i o n  i s  o b t a i n e d  by d i f f e r e n t i a t i n g  t h e  
r a n g e  i n f o r m a t i o n ,  The a m p l i f i e r ,  25 ,  d i f f e r e n t i a t e s  t h e  r a n g e  
i n f o r m a t i o n ,  a t  t i m e  c o n s t a n t  of  0 .1  seconds .  The a m p l i f i e r ,  24 ,  
p r o v i d e s  t h e  p r o p e r  s c a l e  f a c t o r ,  1 v o l t  p e r  100 f ee t  p e r  s econd ,  
and a l s o  f i l t e r s  t h e  o u t p u t  of  d i f f e r e n t i a t o r ,  a t  1.6 second 
t i m e  c o n s t a n t .  
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6.3 T e s t  C i r c u i t  
A t e s t  c i r c u i t ,  u s e f u l  f o r  c a l i b r a t i o n  of t h e  d a t a  p r o c e s s i n g  I e l e c t r o n i c s ,  i s  inc luded  i n  t h e  subsystem. Using t h e  modula tor  I 
I t r i g g e r  s i g n a l ,  t h e  t e s t  c i r c u i t  p r o v i d e s  a d o u b l e  p u l s e  s i g n a l  
I 
1 %  
I 
I t o  s i m u l a t e  t h e  expec ted  detector  o u t p u t .  
The modu la to r  t r i g g e r  p u l s e  i s  f e d  i n t o  a m p l i f i e r ,  Q 5 ,  which 
1 
I p r o v i d e s  an  i n v e r t e d  and non- inver ted  s i g n a l .  The i n v e r t e d  s i g -  
1 
' n a l  i s  r o u t e d  t o  t h e  t e s t  s i g n a l  o u t p u t  mixer  c i r c u i t .  T h i s  
p u l s e  s i m u l a t e s  t h e  z e r o  r ange  p u l s e  from t h e  d e t e c t o r .  T h e  
non- inve r t ed  s i g n a l  i s  de layed  by any d e s i r e d  t i m e  and t h e n  i n -  
verted by o u t p u t  a m p l i f i e r ,  Qii. T h i s  secc;r;d p u l s e  is mixed i n  
t h e  o u t p u t  c i r c u i t  and s i m u l a t e s  t h e  l u n a r  s u r f a c e  r e t u r n  s i g -  
I n a l .  
6.4 Power Supply  
The sys tem p r imary  power, 28 volt d c ,  i s  conve r t ed  t o  v a r i o u s  
v o l t a g e s  f o r  o p e r a t i o n  o f  e l e c t r o n i c  c i r c u i t s  by t h e  s o l i d  s t a t e  
DC-DC c o n v e r t e r s .  Commercially a v a i l a b l e ,  o f f - t h e - s h e l f  i t e m s  
w e r e  used  t o  e x p e d i t e  d e s i g n  of t h e  system. The v o l t a g e  level  
r e q u i r e d ,  power consumed and power supp ly  p a r t  numbers a r e  
l i s t e d  i n  T a b l e  6.4-1. 
6.5 C a l i b r a t i o n  
The d a t a  p r o c e s s i n g  e l e c t r o n i c s  r e q u i r e  c a l i b r a t i o n  a s  o u t l i n e d  
i n  Appendix B. The detector  and s o u r c e  subsys tems d o  n o t  re- 
q u i r e  c a l i b r a t i o n .  
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TEST RESULTS 
T n e  NLRTS system d e s i g n  i s  based on low a t m o s p h e r i c  a t t e n u a t i o n  
o f  t h e  r a d i a t i o n .  I n  order  t o  p rov ide  t h e  p r o p e r  test  c o n d i t i o n  
f o r  a f u n c t i o n a l  t e s t ,  t h e  60 f o o t  s p h e r e  a l t i t u d e  chamber f a c i l -  
i t y  of  NASA, a t  Langley Research C e n t e r ,  Hampton, V i r g i n i a ,  was 
u t i l i z e d .  Due t o  t h e  s i z e  o f  t h e  chamber, maximum a l t i t u d e  s i m -  
u l a t e d  was 50 feet .  P r e l i m i n a r y  t es t  i n d i c a t e d  t h a t  o n e - t e n t h  
a t m o s p h e r i c  p r e s s u r e  (80 mm mercury)  was s u f f i c i e n t l y  l o w  t o  
have n e g l i g i b l e  a t t e n u a t i o n  e f f e c t  on r a d i a t i o n .  
The i l l u s t r a t i o n  o f  F i g u r e  7.0-1 shows t h e  t e s t  s e t u p .  The f l o o r  
of i;j-,e cp,aT,ber was 1 i nnd w i t h  plywood t o  o b t a i n  r e f l e c t i o n  co- 
e f f i c i e n t  s i m i l a r  t o  ground. The normal  steel  f l o o r  would have  
much s m a l l e r  r e f l e c t i o n  c o e f f i c i e n t .  T h e  c a b l e  suspending  t h e  
sys tem was marked a t  10 f o o t  i n t e r v a l s ,  f o r  v i s u a l  a l t i t u d e  ref- 
e r e n c e .  
The f i r s t  t e s t ,  performed on 6 November th rough  9 November 1967 ,  
r e s u l t e d  i n  m a l f u n c t i o n  o f  d a t a  p r o c e s s i n g  e l e c t r o n i c s .  The 
cause  was l a t e r  de te rmined  t o  be e x t r a n e o u s  p u l s e  r e s u l t i n g  i n  
u n d e s i r e d  t r i g g e r i n g  of t h e  range  c i r c u i t .  T h e  d e t e c t o r  o u t p u t  
s i g n a l  was observed on a scope t o  v e r i f y  t h e  e x i s t e n c e  of  p r o p e r  
s i g n a l s .  The r e s u l t  i s  g i v e n  i n  T a b l e  7.0-1. T h e  r e s u l t  shows 
t h e  expec ted  t i m e  r e l a t i o n  ( 2  nanosecond p e r  f o o t )  and t h a t  t h e  
s i g n a l  a m p l i t u d e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  d i s t a n c e .  
T A B L E  7.0-1 
D E T E C T E D  S I G N A L  WAVEFORM 
H e i g h t  
( F e e t )  
5 0  
40 ' 
30 
2 0  
' I I r  
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( V o l t )  
2 
2 
2 
2 
2 
A m p l i t u d e  
B 
( V o l t )  
T i m e  
T 
(Nanosecond 1 
1.0 
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20  
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. . . -- - 
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Excess ive ly  l a r g e  g r i d  leakage  c u r r e n t ,  i n  o r d e r  of 0.5 m i l l i -  
~ t e rmina ted  . 
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8.2 R a d i a t i o n  Exposure 
X-ray t u b e  e m i t s  r a d i a t i o n  o n l y  when a h i g h  p o t e n t i a l  and f i l a -  
ment power i s  a p p l i e d .  T h e  x-ray s o u r c e  w i l l  be t u r n e d  on o n l y  
d u r i n g  c o n t r o l l e d  ground t e s t  and d u r i n g  l a s t  phase of l u n a r  
l a n d i n g .  I f  r e q u i r e d ,  t h e  sou rce  can be  s h i e l d e d  i n  t h e  direc-  
t i o n  of  t h e  o p e r a t i n g  p e r s o n n e l  d u r i n g  ground tes t .  By u s i n g  
1 
i 
' .8.0 PERSONNEL SAFETY I 
1 The NLRTS h a s  t w o  a r e a s  which can be a haza rd  t o  p e r s o n n e l ,  un- 
I 
I 
I less a d e q u a t e  s a f e t y  d e s i g n  i s  inc luded  i n  t h e  system. These a r e  
I h i g h  v o l t a g e  and x-ray r a d i a t i o n .  
1 
! 
On l u n a r  l a n d i n g ,  F i g u r e  3.3-1 shows t h a t  on t h e  a v e r a g e ,  350 
pho tons  a r e  received by t h e  d e t e c t o r  f o r  each  e m i t t e d  p u l s e .  
A t  p u l s e  r e p e t i t i o n  r a t e  of 10 p u l s e s  p e r  s econd ,  approx ima te ly  
3.5 x lo6 photons  p e r  second p e r  0.09 f t , 2  w i l l  r e t u r n  w i t h  av- 
e r a g e  e n e r g y  a t  45 k e V .  
4 
A t  t h e  e n e r g i e s  i n v o l v e d ,  6 x lo3 pho tons  
- 5 3  - 
8.2  R a d i a t i o n  Exposure (Con t inued)  I* 
I 
t 
I 
p e r  crn2 p e r  s,econd a r e  r e q u i r e d  t o  r e g i s t e r  1 m r  p e r  h o u r ,  
I T h e  r a d i a t i o n  l e v e l  a t  l u n a r  l and ing  w i l l  be 4 m r  p e r  h o u r ,  
l compared t o  AEC's weekly sugges ted  l i m i t  o f  100 m r .  The r a d i a -  
I 
t i o n  l e v e l  d e c r e a s e s  w i t h  a l t i t u d e ,  and t o t a l  dose  d u r i n g  lan'd- 
l i n g  shou ld  be f a r  below 100 m r ,  
1 
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I 1 '9 . 0 CONCLUSIONS AND RECOMMENDATIONS 
1 9 .1  Conclusion 
I 
Although f u n c t i o n a l , t e s t  of t h e  p r o t o t y p e  system was n o t  complet-  : 
e d ,  p r e l i m i n a r y  t e s t s  and o b s e r v a t i o n s  i n d i c a t e d  t h a t  t h e  sys tem 
would have s u c c e s s f u l l y  passed f u n c t i o n a l  tes t .  The x-ray s i g -  
n a l  ref lected from ground and d e t e c t e d  by t h e  d e t e c t o r  h a s  more 
I 
I 
I 
I t h a n  s u f f i c i e n t  s t r e n g t h  t o  o p e r a t e  t h e  d a t a  p r o c e s s i n g  e l e c t r o n -  
I 
I 
ics .  T h e  d a t a  p r o c e s s i n g  e l e c t r o n i c s  have been  c a l i b r a t e d  and 
bench tes ted u s i n g  s imula t ed  s i g n a l s .  
i The a n a l y s i s  o f  t h e  system showed t h a t  the system i s  c a p a b l e  of  
a l t i t u d e  measurement t o  5 0 0  feet. I 
I 1 9.2 Recommendations 
I T h i s  s e c t i o n  c o n t a i n s  t h e  m o d i f i c a t i o n  and improvements t o  t h e  
system which  should  be  cons idered  f o r  any f u t u r e  program. 
a >  T h e  x-ray t u b e  should be r e p l a c e d  and f u n c t i o n a l  t e s t  c o m -  
p l e t e d  t o  v e r i f y  system pa rame te r s  and e r r o r s .  
b )  The x-ray t u b e  development should be c o n c e n t r a t e d  i n  ob- 
t a i n i n g  h i g h e r  peak power r a t i n g .  An i n c r e a s e  i n  t h e  peak 
power w i l l  a l l o w  g r e a t e r  p r o b a b i l i t y  o f  communication 
p e r  p u l s e  a t  h i g h  a l t i t u d e .  
c )  The p r o t o t y p e  model used x-ray t u b e  w i t h  a f l a t  anode ,  
w h i c h  g i v e s  360 d e g r e e  emiss ion .  T h e  u s e f u l  beam i s  o n l y  
a b o u t  30 d e g r e e s ,  r e s u l t i n g  i n  8% e f f i c i e n c y  i n  u s e  of x- 
I t e d  beam i s  p r a c t i c a l  and should be cons ide red .  Ir, a d d i -  
t i o n ,  t h e  p r o t o t y p e  source  r e q u i r e d  c o n s t r u c t i o n  a s  shown 
i n  F i g u r e  4.1-3. A s l a n t e d  anode x-ray t u b e  w i l l  a l l o w  a 
more c o n v e n t i o n a l  packaging o f  t h e  s o u r c e ,  r e s u l t i n g  i n  
s m a l l e r  s o u r c e  package. 
, r a y  o u t p u t .  An anode c o n s t r u c t i o n  w h i c h  g i v e s  a co l l ima-  
I 
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I 9.2 ‘Recommendations (Con t inued)  
d >  The h i g h  v o l t a g e  supp ly  w a s  packaged u s i n g  t h e  maximum s p a c e  
a v a i l a b l e  f o r  it. T h e  same supply  h a s  been packaged i n  
space  of  0.13 cu. f t .  compared t o  0.2 cu. f t .  f o r  t h e  
f e a s i b i l i t y  model. Reduct ion i n  s o u r c e  subsystem s i z e  from 
0.55 cu. f t .  t o  0.28 cu. f t .  shou ld  be p o s s i b l e .  
i 
I 
I 
I 
e >  I n  t h e  f e a s i b i l i t y  model,  t h e  p h o t o m u l t i p l i e r  t u b e  select-  
ed  was a n  Amperex 56AVP-3, which i s  a h i g h  g a i n  low n o i s e  
tube .  A s m a l l e r  t u b e  w i t h  ruggedized  c o n s t r u c t i o n  shou ld  
be produced f o r  a f l i g h t  hardware.  
i 
I 
1 
j 9 . 3  A d d i t i o n a l  U s e s  o f  X-Ray S y s t e m  
I 
The p r i n c i p l e  used i n  p u l s e  x-ray sys tem f o r  l u n a r  a l t i m e t e r  i s  
e a s i l y  a d a p t a b l e  t o  s e v e r a l  o t h e r  u s e s .  Some of these a r e  d i s -  
cussed be low. 
a >  Low L e v e l  A l t i m e t e r :  The system can be used i n  t a c t i c a l  
t y p e  a l t i m e t e r  a p p l i c a t i o n s .  The system r a n g e ,  due t o  
l a r g e  a t t e n u a t i o n  by atmosphere,  i s  l i m i t e d  t o  a p p r o x i m a t e l y  
200 feet .  The l i m i t e d  r a n g e  of r a d i a t i o n  w i l l  make t h e  sys-  
t e m  u s e f u l  i n  a p p l i c a t i o n s  w h e r e  s e c u r e  a l t i m e t e r  i s  re- 
q u i r e d ,  such a s  h e l i c o p t e r s  o r  low f l y i n g  a i r c r a f t .  B e -  
c ause  o f  h i g h  accu racy  a t  low a l t i t u d e s ,  t h e  a l t i m e t e r  would 
b e  v e r y  u s e f u l - i n  l and ing  and t a k e o f f  i n  l o w  v i s i b i l i t y  con- 
. d i t i o n s .  
c>  A i r  D e n s i t y  Measurement: The amount o f  x-ray s i g n a l  back- 
s c a t t e r e d  i n t o  t h e  detector  by t h e  a tmosphere  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  a i r  d e n s i t y .  Thus by measuring t h e  
r e l a t i o n  between x-ray s i g n a l  e m i t t e d  and t h e  b a c k s c a t t e r  
s i g n a l  d e t e c t e d ;  a measure of  a i r  d e n s i t y  i s  a v a i l a b l e .  
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l RANGE C I R C U I T  C A L I B R A T I O N  
& 
1. Using c o a x i a l  c a b l e s ,  connec t  MOD TRIGGER t o  T E S T ' I N  and 
TEST OUT t o  SIGNAL, I N P U T .  
2. Apply 2 8  v o l t  DC t o  d a t a  p r o c e s s i n g  e l e c t r o n i c s  and t u r n  
on DETECTOR POWER swi t ch .  
3. Ground p i n  2 of second r ange  f o l l o w e r  (Q23) .  A d j u s t  o f f -  
se t  p o t  (R89) f o r  z e r o  r e a d i n g  on RANGE meter. Remove 
ground f r o m  second f o l l o w e r  i n p u t .  
4. Ground p i n  2 of f i r s t  r a n g e  f o l l o w e r  ( Q 1 6 ) .  A d j u s t  o f f -  
s e t  p o t  (R61) f o r  ze ro  r e a d i n g  on RANGE meter. Remove 
ground from f i r s t  f o l l o w e r  i n p u t .  
5. Observe t h e  waveform a t  emi t t e r  of c u r r e n t  s o u r c e  (as> .  
A d j u s t  f l i p - f l o p  t r i g g e r  p o t  (R19)  f o r  a symmetr ica l  
s q u a r e  wave. 
6. Observe t h e  waveform a c r o s s  t i m e  b a s e  c a p a c i t o r  (C17). 
A d j u s t  r a n g e  s l o p e  p o t  (R31) so t h a t  t h e  v o l t a g e  r i se  
s l o p e  i s  5 v o l t s  p e r  1 microsecond.  
7. Connect a 50 ohm d e l a y  l i n e  o r  c a b l e  between t h e  DELAY 
c o n n e c t o r s .  T h e  d e l a y  i s  t o  be s e l e c t e d  f o r  d e s i r e d  r ange .  
8. S e l e c t  two 50 ohm d e l a y  l i n e s ,  one  40 nanoseconds and 
o t h e r  1 microsecond.  
9. Connect s h o r t  de.lay l i n e  between DELAY connec to r s .  A d j u s t  
r a n g e  z e r o  p o t  (R41)  f o r  1 0  feet  i n d i c a t i o n  on RANGE m e t e r .  
10. Connect long d e l a y  l i n e  between DELAY connec to r s .  A d j u s t  
r a n g e  s l o p e  p o t  (R31) f o r  500 fee t  i n d i c a t i o n  on RANGE 
m e t e r  . 
11. Repeat  S t e p s  9 and 10 u n t i l  no f u r t h e r  a d j u s t m e n t  i s  re- 
q u i r e d .  
